In order to solve the problem of heat hazard in the main roadway of a shaft bottom, this paper establishes a steady calculation model to predict air conditioning airflow in the shaft. Based on the steady heat transfer theory, the model was used to calculate the convective heat and mass transfer between the airflow and shaft wall, as well as the heat conduction between the shaft wall and heat adjusting circle of wall rock. According to the analogous principles of heat and mass transfer, the water vapor transfer between the airflow and shaft wall was calculated. Furthermore, the energy balance equation was set up to consider the heat and humidity exchanges between the airflow, shaft wall, heat adjusting circle of wall rock, and gravity compression heat of the airflow. Meanwhile, the difference model was derived to calculate the heat and humidity parameters of the vertical shaft airflow. The developed model was applied to the auxiliary shaft at the Wutongzhuang Coal Mine. The calculated values of the heat and humidity parameters of airflow in the model were compared with the measured values in the shaft bottom. The results showed that the calculation errors of dry bulb temperature and relative humidity were less than 5.4% and 6.1%, respectively. Hence, this model is proper and acceptable, which could be used to predict the heat and humidity parameters of air conditioning airflow in a coal mine. The study is significant to the pithead cooling system design. KEY WORDS: dry bulb temperature, humidity ratio, heat adjusting circle of wall rock, moisture coefficient of wall rock, heat and mass transfer FIG. 1: Heat and mass transfer model between the airflow and vertical shaft wall rock
INTRODUCTION
Many deep-mine operations are carried out in the hot and humid environment owing to high ground temperature, gravity compression heat, and the powerful machines employed during the mining process (Habibi et al., 2015; Maurice et al., 2018; Nie et al., 2018; Sasmito et al., 2015) . Heat hazard due to high temperatures directly reduces thermal comfort and endangers the health and safety of workers, which leads to decreased production efficiency (Sunkpal et al., 2018; Maurya et al., 2015; Yang et al., 2011) and an increase in electrical equipment malfunction. In order to improve the working environment, labor efficiency, and thermal comfort, heat hazard mines optimize ventilation systems and mechanical cooling. In cold climates and under certain mining conditions, optimizing and controlling ventilation can improve the thermal comfort of the working surface (Nie et al., 2019) . While ventilation cannot effectively solve heat hazards, it is necessary to use mechanical cooling to reduce the impact caused by heat hazards (Deng et al., 2017; Guo et al., 2017; Millar et al., 2016) . In addition, in the cold regions of China, the air conditioning system of a water source heat pump is used to prevent freezing in the winter and to implement cooling by cooling the air supply in the summer in the pithead of heat hazard mines. Also, full air cooling systems have been designed and put into use in the Jinshan Coal Mine, which can improve the overall working environment of the mine (Feng et al., 2018) . In this cooling system, the heat and humidity parameters of the pithead airflow supply and the heat and mass transfer characteristics directly determine the temperature and humidity of the airflow and cooling effect at the bottom of the mine. Hence, accurately calculating the heat and humidity parameters in the shaft becomes the key issue in a pithead cooling system. To date, there has been no shortage in the scientific literature at home and abroad in relation to the temperature calculation method for the airflow supply in a shaft, including the calculation method for fissure water based on the particle swarm optimization and backpropagation neural networks (Zhang and Wang, 2012) , the engineering calculation method by gravity compression heat and convection heat transfer coupling (Chen et al., 2009; Zhang and Bu, 2015) , and the iterative calculation method that considers gravity compression heat and the heat convection effect (Chen and He, 2006) , as well as the calculus of differences method for the dry bulb temperature of airflow (Kong and Wu, 2015) . However, the aforementioned methods ignore the moisture transfer between the airflow and wet shaft wall without calculating the important parameters: the humidity ratio and relative humidity of the airflow. Both the humidity ratio and relative humidity of the airflow influence the heat and humid environment in the shaft and at the bottom of the mine, which should be given more consideration. In this study, the air conditioning airflow passing through wall rock in a short time can be regarded as a quasi-steady state. The study establishes the equation for the heat and humidity parameters of airflow under the influence of heat and mass transfer between the airflow and shaft wall, and the gravity compression heat (Chen et al., 2009; Millar et al., 2016; Nie et al., 2018; Yu, 1991) . The piecewise calculus of differences (He and Sheng, 2013 ) is adopted to calculate variations of the parameters, such as the dry bulb temperature and the humidity ratio of the airflow in various sections of the shaft and at bottom of the mine. Moreover, the airflow data measured in the auxiliary shaft of the Wutongzhuang Coal Mine in Hebei Province is used to verify the calculation method. The variation characteristics of the heat and humidity parameters of the airflow are also investigated. In this study, important results were achieved, which are significant to pithead cooling system design.
HEAT AND MASS TRANSFER CALCULATION MODEL
When the vertical shaft serves as the main shaft for supplying the airflow, the measured speed of the airflow is more than 3 m/s. The airflow takes 5 minutes to flow from the pithead to the bottom of the mine that is 1 km in depth. There is no change in the airflow parameters during the 5 minutes and the air conditioning airflow is constant in the pithead; therefore, the airflow supply parameters are regarded as being constant. A simplified heat and mass transfer model between the airflow and wall rock is established in the quasi-steady state. As shown in Fig. 1 , L denotes the length of the shaft; t w denotes the wall rock temperature, which is constant; D is the inner diameter; t yi refers to the original temperature of wall rock; u refers to the airflow flow rate; p refers to the static pressure of the airflow; t f i denotes the dry bulb temperature of the airflow supply with the relative humidity of φ i and humidity ratio of d f i ; and t f i+1 refers to the dry bulb temperature of the outlet airflow with the relative humidity of φ i+1 and the humidity ratio of d f i+1 . In this study, the following assumptions are made. (1) The shaft wall is smooth and the temperature of the circular tube is constant. Moreover, there is a heat adjusting circle with a given thickness around the wall and the temperature of the original rock is constant. (2) The heat transfer of the wall rock in all directions is the same, which ignores the heat radiation, and the heat conduction of the wall rock is assumed to be one-dimensional radially. The heat characteristics of the wall materials and the original rock are the same. (3) The airflow supply parameters of the pithead are constant and the convective heat and mass transfer coefficient of the airflow and thermal conductivity of the wall rock are assumed to be independent of the airflow temperature. We can find in the measured data and the literature that the change in the airflow temperature in the vertical shaft is within 10 • C (Chen and He, 2006; Chen et al., 2009) ; therefore, it can be seen that the assumed condition is valid.
The heat exchange between the airflow and shaft wall include the sensible heat exchange (q 1 ) from heat convection between the airflow and shaft wall and the latent heat exchange (q 2 ) from the mass transfer between the water vapor of the airflow and shaft wall. The gravity compression heat of the airflow (q 3 ), referred to as self-compression heat, is produced by the airflow self-compression process from the inlet to the outlet under the effect of gravity. The sensible heat exchange and the latent heat of the water vapor transfer are equal to the total heat exchange capacity between the airflow and wall rock (Gao et al., 2010) , namely, the sum of q 1 and q 2 is equal to the conduction of the heat adjusting circle of the wall rock.
Heat Convection between the Airflow and Wall Rock
When the temperature and humidity of the air supply in the vertical shaft is constant, heat convection between the airflow and shaft wall (the sensible heat exchange) is given as follows:
where h is the convective heat transfer coefficient [W/(m 2 · • C)]; t w is the temperature of the wall rock ( • C); t f is the average dry bulb temperature of the air supply ( • C); L is the length of the shaft (m); and D refers to the diameter of the shaft (m). When the auxiliary shaft is used as the main ventilation shaft, the calculated Reynolds number has a range of 10 6 < Re < 5 × 10 6 , thus it is proper to use the Gnielinski empirical correlation (Kays et al., 2004) to calculate the average convective heat transfer coefficient
where c f is friction factor, which is calculated by the Hoff semi-empirical formula (Petukhov, 1970 ); λ f is the thermal conductivity of the airflow [W/(m 2 · • C)]; Re D is the Reynolds number; and Pr f is the Prandtl number (0.7).
Moisture Exchange between the Airflow and Shaft Wall
The wall rock and aquifer have different distributions in the shaft. There are dry and wet wall rocks. The convective heat transfer only exists between the airflow and dry wall rock. When the wall rock is wet, the moisture exchange between the airflow and wall rock should be considered in calculating the moisture exchange. Japanese scholars first put forward the moisture coefficient of wet wall rock (Liu, 2009) , and most Chinese scholars have adopted the moisture coefficient to calculate the moisture exchange of the wet wall rock (Gao et al., 2010) : the value ranges from 0.05 to 0.4, in which the complete wet wall is 0.4 and the wet wall in one-quarter (i.e., 0.1). The moisture on the wall surface is from water penetrating the wall rock and its temperature is mainly affected by the original rock and airflow temperature. In the calculation, the boundary layer temperature of the air and moisture is decided by the mean value of the dry bulb temperature of the airflow and the original rock temperature at the same height. When the latent heat exchange (q 2 ) from the mass transfer between the water vapor of the airflow and the shaft wall chooses the humidity ratio as the driving force, it is calculated using the following equation (Gao et al., 2010; Liu, 2009; Liu and Wu, 2010) :
where h m refers to the mass transfer coefficient of moist air and water (m/s); ψ is the moisture coefficient of the wall rock; h f g is the latent heat of vaporization of water with the value of 2501 kJ/kg; ρ a is the dry air density (kg/m 3 ); d w is the humidity ratio of wet wall rock [i.e., the water vapor concentration of wet wall rock (kg/kg)]; and d f refers to the humidity ratio of the airflow (kg/kg). For the mass transfer between the moist air and water, the mass transfer coefficient is calculated using the principles of the Colburn analogies (Kays et al., 2004; Liu, 2009) :
where Le refers to the Lewis number of the air and water system (Le ≈ 1); and C pa is the specific heat of air at constant pressure [kJ/(kg · • C)] when the wall rock is dry (h m = 0).
Within the concentration boundary layer, the water vapor is saturated, and there are various kinds of the empirical formulas for the partial pressure of saturated vapor. Since the Buck empirical formula has high computational accuracy (Buck, 1981; Zhou et al., 2007) , it is selected in this study:
where p wb is the water vapor pressure of the wall (Pa); t = (t f + t y )/2 within the concentration boundary layer of the wall rock; and the water vapor partial pressure of the airflow is calculated by the following definition of moist air relative humidity:
where p f and p f b refer to the water vapor partial pressure and saturated water vapor pressure in the airflow, respectively; and t f is the dry bulb temperature of the airflow supply. According to the measured data of the air supply from the Wutongzhuang Coal Mine and some literature studies (Chen and He, 2006; He and Sheng, 2013) , the mean variation value of the dry bulb temperature of the airflow within 10 m was not greater than 0.2 • C. Since the airflow ranges from 2 • C to 35 • C, the calculated relative error is less than 3.2%. The partial pressure calculation formula of saturated water vapor (t f ) is approximately simplified as the dry bulb temperature in the inlet of the sublevel shaft (t f i ). The humidity ratio formula is substituted into the formula of the latent heat exchange from the mass transfer between the water vapor of the airflow and shaft wall. Thus, the latent heat exchange (q 2 ) is expressed as
where p a is the static pressure of the airflow (Pa); d w = 0.622p wb /(p a − p wb ) (kg/kg) (Gengel and Boles, 2002; Kays et al., 2004; Liu, 2009) ; and d f = 0.622p wb /(p a − p wb ) (kg/kg). The airflow pressure inside the shaft is calculated by the basic principles of the atmospheric pressure, and the airflow density is acquired by the ideal gas state equation. Hence, the airflow pressure has the following expression (Gengel and Boles, 2002; Kundu and Cohen, 2008) :
where p 0 is local atmospheric pressure (Pa); and R is the gas constant of air [287 J/(kg · • C)].
Heat Conduction of the Heat Adjusting Circle and Heat Balance Equation of the Wall Rock
Since the heat and mass transfer is assumed to be in a quasi-steady state, based on the principle of energy conservation, the sum of the sensible and latent heat between the airflow and shaft wall is equal to the heat conduction between the wall rock surface and original rock. The heat conduction between the wall and rock stratum is the heat conduction between the wall and heat adjusting circle. There is no heat source in the wall rock, which realizes one-dimensional heat conduction in the radial direction. The heat adjusting circle with over five years of ventilation is in a constant radius (Gao and Yang, 2005) ; therefore, the heat conduction between the wall and heat adjusting circle is calculated by the following equation:
where q w is the heat conduction of the wall and heat adjusting circle (W/m 2 ); λ y is the thermal conductivity of the wall rock in the horizontal section of the shaft [W/(m · • C)]; and δ is the radius of the heat adjusting circle of the wall rock (m). The sum of the heat convection between the airflow and shaft wall with the latent heat exchange of moisture is equal to the heat conduction of the heat adjusting circle (Gao et al., 2010; Gao and Yang, 2005; Liu, 2009 ). The equation is given by
The radius of the heat adjusting circle of the wall rock is calculated by the linear regression equation δ = 2.443692 + 2.250905 × 10 −3 √ τ, which was adopted by Hou and Shen (1997) . In the equation, τ refers to the ventilation time of 10 years (In the study, the mining time of the Wutongzhuang Coal mine had lasted for 10 years).
Gravity Compression Heat of the Airflow
The gravity compression heat of the airflow is produced when the mechanical energy of the airflow is converted into the internal energy of the airflow during the air flowing in the direction of gravity, which can be regarded as the internal heat source (Chen et al., 2009; Millar et al., 2016; Nie et al., 2018; Yu, 1991) :
where m is the mass flow rate of the airflow (kg/s); L is the length (depth) of the shaft (m); g is the gravitational acceleration (9.8 m/s −2 ); and u is flow rate (m/s).
CALCULATION METHODS OF AIRFLOW PARAMETERS IN A VERTICAL SHAFT

Calculation Model of Airflow Heat and Humidity Parameters
According to the laws of energy conservation, the sum of sensible heat and latent heat from the exchange of convective heat and the mass transfer between the airflow and shaft wall with the gravity compression heat are equal to the enthalpy variation of the airflow, namely
Based on the thermodynamic definition of moist air enthalpy, and ignoring the minimum part, the enthalpy difference between the inlet and outlet airflow (Gengel and Boles, 2002) can be calculated as
where C pa is the specific heat at constant pressure of dry air [kJ/(kg · • C)]; subscript i refers to the inlet airflow parameter; and subscript i + 1 refers to the outlet airflow parameter. According to the principles of mass conservation, the water vapor from the wet shaft wall is equal to the increment of water vapor in the airflow:
The equation for the dry bulb temperature can be obtained as follows:
By combing Eq. (10), the analytic solution for the dry bulb temperature of the outlet airflow is given as follows:
where
Piecewise Calculation of the Airflow Parameters
The shaft is divided into several sections (He and Sheng, 2013) in the vertical direction, in which the variable and constant temperature layers are classified as the first section and the rest can be divided into 65 sections with 10 m for one section, as shown in Fig. 2 . The wall rock temperature in the center of each section is the average temperature of that section. The average temperature of the original rock in the constant and variable temperature layers chooses the mean value of the monthly average temperature of the ground and the temperature of the constant temperature layer.
The calculation methods and steps are as follows: i = 1, t f 1 , t y1 , t f s1 (wet bulb temperature), and p 0 are known; p f 1 , p wb , d f 1 , and d w1 are the given initial values from the calculations, respectively; φ, ρ a , h, h m , and H can be calculated, and some other thermophysical properties are known. Since the inlet airflow parameters of each section are known, the dry bulb temperature and saturated water vapor pressure of the outlet airflow can be calculated by Eqs. (6) and (16), respectively, and the other main parameters can be obtained as follows:
where i = 1, 2, . . . , 65. When
, the water vapor of the airflow is saturated (h m = 0), and the water vapor of the shaft wall will no longer transmit into the airflow, then the humidity ratio of the airflow can be calculated by the following equation:
With Excel software to edit the calculation procedure, the heat and humidity parameters of the airflow can be calculated. 
RESULTS AND ANALYSIS
Calculation Example
The auxiliary shaft of the Wutongzhuang Coal Mine in Hebei Province is taken as an example. The altitude of the pithead is 196 m and the altitude of the bottom of the mine is −470 m. The shaft diameter is 7 m. The mining depth is beyond 800 m. Its original rock temperature can reach 38 • C and the fissure water of the working face is about 40 • C. The mine is normal in ground temperature but high in water temperature. The original rock temperature gradient distribution law of the auxiliary shaft (Guan, 2002) is shown in Fig. 3 : the variable temperature layer is from the ground to a depth of 19.95 m; the constant temperature layer is below the variable temperature layer with a value of 15.7 • C (at a thickness of 3 m); and the temperature increasing layer is below the constant temperature layer. The mean value of the geothermal gradient is 2.91 • C/100 m, which is from the ground temperature survey data. The airflow parameters in the shaft will be calculated and analyzed in the study.
The physical properties of wall rock in each section are known through the geological exploration data: the mudstone is 0-99 m with thermal conductivity of 2.1 W/(m · • C); the sandstone is 100-500 m with thermal conductivity of 4.1 W/(m · • C); and the limestone is 501-666 m with thermal conductivity of 3.1 W/(m · • C). According to onsite observations and the geological exploration data, there is no aquifer with a depth of less than 200 m, such that the shaft wall is partially wet and the moisture coefficient of the wall rock is ψ = 0.05; there are more aquifers with a depth of more than 200 m, where the shaft wall is completely wet, ψ = 0.4.
Results and Analysis
Multiple groups of airflow heat and humidity parameters were monitored and measured in the pithead and bottom of the Wutongzhuang Coal Mine. The airflow supply parameters are listed in Table 1 ; the calculated results and the measured values of the bottom airflow parameters are shown in Figs. 4 and 5 .
Comparing the measured values with the calculated values of 12 groups, it was found that the maximum absolute error of the calculated dry bulb temperature was 0.9 • C and the relative error was 4.6%. For 10 groups, the predicted absolute error ranged from 0.3 • C to 0.6 • C, and the maximum relative error was less than 5%. For 12 monitoring days, the maximum deviation of the humidity ratio of the airflow occurred on monitoring day 8, where the absolute error was 0.0013 kg/kg and the relative error was 6.1%. During the rest of the monitoring days, the relative errors of airflow humidity ratio were less than 5.4%. For 12 monitoring days, the calculation deviations of the dry bulb temperature to 29.8 • C, the dry bulb temperature gradually increases because the compression heat of airflow is much greater than the sensible heat from the wall rock cooling and the latent heat from evaporation of water. Below one-third of the shaft (in depth), as the temperature difference between the airflow and wall rock decreases, the rate of wet wall transmitting water vapor into the airflow basically remains constant. At the same time, the latent heat of vaporization is completely from the airflow, which is greater than the sensible heat of the airflow, that is, the sum of the heat convection and gravity compression heat of the airflow. Thus, the variation characteristics of the thermodynamic parameters are represented and the dry bulb temperature is gradually reduced or unchanged while the enthalpy value increases.
When the humidity ratio and enthalpy of the airflow in the shaft along the depth direction increase gradually, the increasing tendency of the total energy and humidity remain unchanged. Even on monitoring days 5 and 3, the dry bulb temperatures of the airflow supply at the bottom of the mine decreased while the enthalpy and humidity of the airflow increased. On monitoring days 11 and 12, the dry bulb temperature of the airflow was below 18 • C, the relative humidity was less than 42%, and the extent of humidification was obviously higher than that of the other monitoring days, which demonstrate that the humidification and enthalpy increase of the airflow along the depth direction are more significant when the airflow supply is at lower temperature and humidity. This feature suggests that the dry bulb temperature of the airflow should not be reduced too low when cooling air is utilized in the pithead. When the relative humidity is close to being saturated, the increasing humidification and enthalpy will be reduced after the relative humidity reaches the bottom of the mine. On monitoring days 1 and 9, pithead cooling was carried out. The dry bulb temperature of the airflow supply ranged from 19 • C to 21 • C and the relative humidity ranged from 80% to 90%. Based on the calculation model, it was obtained that the dry bulb temperature of the bottom airflow was 21 • C-22.5 • C; the relative humidity was 90%-95%; the maximum error of the measured and calculated dry bulb temperature was 5%; and the humidity calculation error was 5%. It can be seen that the airflow parameters on days 1 and 9 can greatly improve the heat and humid environment of the underground roadway with the proper heat and humidity parameters, resulting in less cold loss. 
CONCLUSIONS
In this study, the heat and mass transfer between the airflow and wall rock in a vertical shaft, which was assumed to be in a quasi-steady state, was investigated in detail. A difference calculation model was set up to predict the heat and humidity parameters in the shaft. The model has been validated by the measured data in the Wutongzhuang Coal Mine. The following main conclusions can be drawn:
1. Comparing the calculated values with the measured values of the heat and humidity parameters of the airflow in the pithead and at the bottom of the mine, it can be concluded that the relative errors for the dry bulb temperature, humidity ratio, relative humidity, enthalpy, and some other thermodynamic parameters are less than 6.1%. The selection of the moisture coefficient of the wet shaft wall was appropriate in this study, which ensured the calculation accuracy of the model. The model is feasible, which will supply guidelines for the design of airflow supply temperature and humidity in pithead cooling systems.
2. In the shaft, the gravity compression heat of the airflow and the latent heat exchange between the airflow and shaft wall are the main factors influencing the heat and humidity parameters, while the influence of convective heat transfer is less than both of these parameters. As a result, the increase in the dry bulb temperature is less, which may even eventually decrease, but the relative humidity remains close to 100%. As the depth increases, the water vapor of the airflow tends to be saturated, and the reduction in the heat convection between the airflow and shaft can be neglected. The gravity compression heat and the latent heat exchange from the mass transfer between the airflow and water vapor of the shaft wall become the main heat hazard sources, which should be given special attention in actual engineering applications.
3. As for the airflow in the shaft, the increase in the latent heat is associated with the relative humidity. The smaller the relative humidity in pithead, the greater is the increase in the humidity. In this study, the dry bulb temperature was limited to 20 • C ± 1 • C, and the relative humidity was limited to 80%-90%. Thus, cold loss was greatly reduced.
Based on the present study, the effective zone in the underground roadway that the cooling airflow from the pithead can control will be further studied in terms of the thermal comfort environment, as well as the icing mechanism of the shaft wall under the influence of ground cold airflow in cold regions.
